In response to a wide variety of stimuli such as growth factors and hormones, EGR1 transcription factor is rapidly induced and immediately exerts downstream effects central to the maintenance of cellular homeostasis. Herein, our biophysical analysis reveals that DNA sequence variations within the target gene promoters tightly modulate the energetics of binding of EGR1 and that nucleotide substitutions at certain positions are much more detrimental to EGR1-DNA interaction than others. Importantly, the reduction in binding affinity poorly correlates with the loss of enthalpy and gain of entropy-a trend indicative of a complex interplay between underlying thermodynamic factors due to the differential role of water solvent upon nucleotide substitution. We also provide a rationale for the physical basis of the effect of nucleotide substitutions on the EGR1-DNA interaction at atomic level. Taken together, our study bears important implications on understanding the molecular determinants of a key protein-DNA interaction at the cross-roads of human health and disease.
Introduction
Binding of transcription factors to DNA in a sequence-specific manner constitutes a key event in regulating signaling networks and henceforth the maintenance of cellular homeostasis. While the classical picture generally portrays the binding of transcription factors to the so-called consensus motifs located within the promoters of target genes, the reality is far from such a simplistic model due to DNA sequence variations. Such changes within the promoter DNA not only add a layer of genetic complexity and diversity but also directly influence its flexibility and its ability to undergo physical phenomena such as bending, stretching, deformation and distortion coupled with its ability to exist in various structural conformations (such as the B-DNA, A-DNA and Z-DNA) [1] [2] [3] . Consequently, DNA sequence variations within the promoters play a key role in fine tuning the binding affinity and orientation of transcription factors at the site of DNA. In particular, the biological activity of a transcription factor at a given promoter and the extent to which it can cross-talk with other cellular factors is highly dependent upon the nature of DNA sequence variations. Given that the outcome of transcriptional machinery is ultimately determined by the level of such cooperation between various transcription factors and co-activators or co-repressors, the role of DNA sequence variations in gauging protein-DNA interactions cannot be overemphasized. Thus, understanding the specificity of protein-DNA interactions must inherently involve integration of the effect of DNA sequence variations on the binding of a transcription factor to a promoter. Toward this goal, we set out here to analyze how DNA sequence variations affect the binding of human EGR1 transcription factor, also known as Zif268, to its cognate DNA promoters.
Briefly, EGR1 is comprised of the classical TA-DB modular architecture, where TA is the N-terminal transactivation domain and DB is the C-terminal DNA-binding domain. In response to extracellular stimuli such as hormones, neurotransmitters and growth factors, EGR1 is rapidly induced and exerts its effects at genomic level by virtue of the ability of its DB domain to bind to the promoters of target genes containing the GCGTGGGCG consensus motif, referred to hereinafter as Zif268 response element (ZRE) 1 ( Fig. 1) , in a sequence-dependent manner. The EGR1-DNA interaction is driven by the binding of DB domain, comprised of three tandem copies of C2H2-type zinc fingers (designated herein ZFI, ZFII and ZFIII), as a monomer to the major groove within the ZRE duplex [4] . Notably, the three zinc fingers act in a cooperative manner to not only impart an arc-like conformation on the DB domain but also enable it to attain a close molecular fit with DNA.
The resulting protein-DNA interaction allows the TA domain to recruit various co-activators and cellular factors leading to immediate gene expression responsible for a myriad of cellular activities ranging from cell growth and proliferation to apoptosis and oncogenic transformation [5] [6] [7] [8] . Among some of the major targets of EGR1 are genes encoding for tumor suppressors such as PTEN, p53 and p73, growth factors such as TGFb, TNFa and IGFII, and apoptotic regulators Bax and Bcl2 [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In particular, many of such EGR1-responsive genes harbor not only an impressive array of DNA sequence variations within their ZRE motif but such single nucleotide polymorphisms may also be clinically-relevant [24] [25] [26] [27] [28] [29] [30] . A better understanding of the effect of promoter DNA sequence variations on the binding of EGR1 is thus warranted. In this study, we have conducted a detailed biophysical analysis of the binding of DB domain of EGR1 to all possible single nucleotide variants (SNVs) encompassing the ZRE motif. Our data show that such SNVs tightly modulate the energetics of binding of EGR1 and that nucleotide substitutions at certain positions are much more detrimental to EGR1-DNA interaction than others. The implications of these findings on EGR1-DNA interaction are discussed in molecular terms.
Materials and methods

Protein preparation
The DB domain (residues 331-430) of human EGR1 was cloned into pET30 bacterial expression vector with an N-terminal His-tag followed by an enterokinase cleavage site using Novagen LIC technology as described previously [31] . The recombinant protein was subsequently expressed in Escherichia coli BL21 ⁄ (DE3) bacterial strain and purified on a Ni-NTA affinity column followed by size-exclusion chromatography (SEC) using standard procedures [31] . Final yield was typically between 5 and 10 mg protein of apparent homogeneity per liter of bacterial culture. Protein concentration was spectrophotometrically determined on the basis of an extinction coefficient calculated using the online software ProtParam at ExPasy Server [32] . As reported in our earlier study [31] , far-UV CD analysis confirmed that the DB domain possesses an ab-fold characteristic of a native fully-folded conformation. It should be noted that the treatment of recombinant DB domain with enterokinase substantially reduced the yield of protein due to partial digestion. While control experiments were carried out on the cleaved construct to check that the His-tag did not alter the properties of the DB domain, the signal-to-noise ratio obtained for these measurements was relatively poor due to the low yield of cleaved protein. Accordingly, all experiments reported herein were conducted on the recombinant DB domain containing an N-terminal His-tag.
DNA synthesis
15-Mer DNA oligos containing the ZRE consensus site (GCGTGGGCG) and all possible single nucleotide variants thereof were commercially obtained from Sigma Genosys. The design of such oligos and the nomenclature employed in this study is illustrated in Fig. 1 . Oligo concentrations were determined spectrophotometrically on the basis of their extinction co-efficients derived from their nucleotide sequence using the online software OligoAnalyzer 3.1 based on the nearest-neighbor model [33] . Double-stranded DNA (dsDNA) oligos were generated as described earlier [31] .
ITC measurements
Isothermal titration calorimetry (ITC) experiments were performed on a TA Nano-ITC instrument. Briefly, the DB domain of EGR1 and the dsDNA oligos were dialyzed in 50 mM sodium phosphate, 100 mM NaCl and 5 mM b-mercaptoethanol at pH 7.0. All experiments were initiated by injecting 25 Â 10 ll aliquots of 100-200 lM of each dsDNA oligo from the syringe into the calorimetric cell containing 0.95 ml of 10-20 lM of DB domain solution at 25°C. The thermal power as a function of each injection was automatically recorded using the integrated NanoAnalyze software. The raw data were further integrated to yield binding isotherms of heat release per injection as a function of molar ratio of each dsDNA oligo to DB domain. The heats of mixing and dilution were subtracted from the heat of binding per injection by carrying out a control experiment in which the same buffer in the calorimetric cell was titrated against each dsDNA oligo in an identical manner. To determine the stoichiometry (n), equilibrium dissociation constant (K d ) and the enthalpy change (DH) associated with the binding of DB domain to each dsDNA oligo, the binding isotherms were iteratively fit to a built-in one-site model by non-linear least squares regression analysis using the integrated NanoAnalyze software as described previously [34, 31] . The free energy change (DG) upon binding was calculated from the relationship:
where R is the universal molar gas constant (1.99 cal/mol/K) and T is the absolute temperature (298 K). The entropic contribution (TDS) to the free energy of binding was calculated from the relationship:
where DH and DG are as defined above. Heat capacity change (DC p ) and enthalpy change at 60°C (DH 60 ) associated with the binding of DB domain to ZRE motif and all its variants thereof was determined from the slope of corresponding DH À T plot, where T is the temperature.
Molecular modeling
Structural model of the DB domain of EGR1 in complex with 15-mer dsDNA oligo containing the ZRE consensus motif was built using the MODELLER software [35] . Briefly, the crystal structure of DB domain of EGR1 in complex with a dsDNA oligo containing the ZRE consensus motif (PDBID 1ZAA), but with varying flanking sequences, was used as template. A total of 100 structural models were calculated and the structure with the lowest energy, as judged by the MODELLER Objective Function, was selected for further analysis. The structural model was rendered using RIBBONS [36] .
SASA calculations
Changes in solvent-accessible surface area (SASA) upon the binding of DB domain of EGR1 to ZRE motif and all its variants thereof were calculated from the corresponding experimentallydetermined values of DC p and DH 60 . To determine changes in polar SASA (DSASA polar ) and apolar SASA (DSASA apolar ) upon binding, it was assumed that DC p and DH 60 are additive and linearly depend on the change in DSASA polar and DSASA apolar as embodied in the following empirically-derived expressions [37] [38] [39] [40] [41] [42] : , respectively. The coefficients a and b are independent of temperature, while c and d refer to a temperature of 60°C, which equates to the median melting temperature of the proteins from which these constants are derived [37, 40, 42] . With DC p and DH 60 experimentally determined using ITC and the knowledge of coefficients a-d from empirical models [37] [38] [39] [40] [41] [42] , Eqs. (3) and (4) were simultaneously solved to obtain the values of DSASA polar and DSASA apolar . Notably, DSASA polar and DSASA apolar upon binding were also determined from the structural model of the DB domain of EGR1 in complex with the 15-mer ZRE duplex using the following equations:
where SASA bp and SASA ba are the polar and apolar SASA of DB domain bound to DNA, SASA fp and SASA fa are the polar and apolar SASA of DB domain alone, and SASA dp and SASA da are the polar and apolar SASA of ZRE duplex alone. All SASA calculations on the structural model of DB domain bound to DNA were performed using GETAREA with a probe radius of 1.4 Å [43] . In all cases, the total change in SASA (DSASA total ) is defined by the following equation:
Results and discussion
EGR1 binds to ZRE motif and its variants thereof with a broad spectrum of affinities
To understand how nucleotide substitutions affect EGR1-DNA interaction, we analyzed the binding of DB domain of EGR1 to ZRE consensus motif and its single nucleotide variants thereof using ITC ( Fig. 2 and Table 1 ). Our analysis reveals that DNA sequence variations within the ZRE motif tightly modulate the energetics of binding of EGR1 and that a handful of single nucleotide substitutions reduce binding affinity by more than an order of magnitude. This observation is consistent with previous studies showing that the promoter DNA sequence variations can dramatically affect EGR1-DNA interaction [44] [45] [46] [47] . Importantly, such reduction in binding affinity poorly correlates with the loss of enthalpy and gain of entropy-a trend indicative of a complex interplay between underlying thermodynamic factors as reflected in Fig. 3 . Thus, for example, the reduction in the binding affinity of TÀ2 and T+4 variants predominantly results from the loss of favorable enthalpy while overall entropic contribution becomes The upper panels show raw ITC data expressed as thermal power with respect to time over the period of titration. In the lower panels, molar heat is expressed as a function of molar ratio of each dsDNA oligo to DB domain. The solid lines in the lower panels represent the fit of data to a one-site model, using the integrated NanoAnalyze software as described previously [34, 31] . favorable relative to the binding of ZRE motif in both cases. This is intuitive in the sense that these nucleotide substitutions presumably result in the loss of specific protein-DNA contacts (loss of enthalpy) but, in doing so, allow the protein-DNA complex to exercise greater motional freedom (gain of entropy). On the other hand, enthalpic contribution to the reduced binding of GÀ1 and T+1 variants is greater than that observed for the binding of ZRE motif but this is largely offset by a much greater entropic contribution. That this is so strongly invokes the role of water solvent in modulating protein-DNA thermodynamics upon the introduction of these nucleotide substitutions. Thus, for example, it is conceivable that the loss of enthalpy due to the loss of protein-DNA contacts upon the introduction of GÀ1 and T+1 substitutions is more than offset by favorable enthalpic gain resulting from the formation of compensatory protein-water and DNA-water contacts. However, the immobilization of such bulk waters will also likely lead to the loss of additional solvent entropy. Such a scenario could thus account for the thermodynamic profiles observed for the binding of GÀ1 and T+1 variants to DB domain relative to ZRE motif.
Of particular note is the observation that while the A+2 variant binds to the DB domain with an affinity that is close to 20-fold Note that the DNA sequence for the GCGTGGGCG motif and its single nucleotide variants corresponds to the sense strand only and nucleotides flanking these motifs have been omitted (see Fig. 1 for details). The substituted nucleotide relative to the consensus GCGTGGGCG motif is colored red. One example (where known) of an EGR1-responsive gene promoter that contains at least one of the substitutions within the corresponding variant of ZRE motif, identified using GeneCards online server located @ http://www.genecards.org, is provided for physiological relevance. Binding stoichiometries of DB domain to dsDNA oligos were generally within ±10% of unity. Errors were calculated from at least three independent measurements and are given to one standard deviation.
weaker compared to ZRE motif, their underlying thermodynamic signatures are almost indistinguishable (Table 1 and Fig. 3 ). Contrasting this observation are the thermodynamic behaviors of TÀ2 and A+1 variants. Thus, while both of these variants bind to the DB domain with comparable affinities, they do so with remarkably distinct thermodynamic signatures-whereas the binding of TÀ2 variant is accompanied by both favorable enthalpic and entropic changes, binding of A+1 variant is concomitant with a substantial entropic penalty. In particular, the binding mode of A+1 variant appears to be the more general mechanism as it is also shared by the ZRE consensus motif and a vast majority of other variants. In contrast, TÀ2 along with T+4 represent the only variant motifs for which both enthalpic and entropic changes are favorable. It should be noted that the favorable enthalpic changes observed here are consistent with the formation of an extensive network of intermolecular hydrogen bonding, ion pairing and van der Waals contacts at the protein-DNA interface [4] . On the other hand, the unfavorable entropic changes most likely result from the loss of conformational degrees of freedom that both the protein and DNA experience upon complexation. Given that the DB domain must adopt an arc-like conformation in complex with DNA [4] , the entropic penalty observed here may also in part be attributed to such physical distortion of protein necessary for it to wrap around the DNA so as to attain a close molecular fit. In sum, our data presented above strongly implicate that DNA sequence variations within the ZRE motif modulate the energetics of binding of DB domain of EGR1 to DNA. Accordingly, DNA sequence variations within the target gene promoters likely play a key role in gauging the transcriptional output of EGR1 in response to a variety of stimuli such as growth factors and hormones. Such DNA sequence variations may have thus evolved to provide a differential response to the expression of EGR1-responsive genes. Importantly, while nearly all of the DNA sequence variations systemically analyzed above are also found within the promoters of a diverse array of EGR1-responsive genes (Table 1) , none of these has hitherto been linked to any physiological condition or pathological disorder [24] [25] [26] [27] [28] [29] [30] .
Physical basis of how DNA sequence variations may alter EGR1-DNA interaction
In an attempt to understand the physical basis of how nucleotide substitutions mitigate EGR1-DNA interaction, we next modeled and analyzed the structure of DB domain in complex with the ZRE consensus motif. As shown in Fig. 4 , the DB domain of EGR1 is comprised of three tandem copies of C2H2-type zinc fingers, designated herein ZFI, ZFII and ZFIII, which come together in space to assemble into an arc-like conformation that snugly fits into the major groove of DNA. Importantly, the EGR1-DNA interaction is driven by the binding of each zinc finger to one of the three subsites, each subsite being comprised of a trinucleotide sequence, within the 9-bp GCGTGGGCG consensus motif (Fig. 1a) . Moreover, the EGR1-DNA interaction is stabilized by numerous van der Waals contacts in addition to an extensive network of intermolecular hydrogen bonding and ion pairing. In particular, amino acid residues such as R357, D381, H382 and T385 located within the DB domain play a prominent role in orchestrating such a network of intermolecular contacts (Fig. 4) . For example, the stacking of imidazole ring of H382 against the pyrimidine ring of TÀ1 (sense strand) promotes van der Waals contacts between the protein and DNA. This interaction is further buttressed by the van der Waals cooperation between Cc2-methyl group of T385 and C7-methyl moiety of TÀ1. On the other hand, Od2-hydroxyl oxygen of D381 and N4-ring nitrogen of CÀ1 (antisense strand) engage in intermolecular hydrogen bonding. This scenario is also replicated between Ng1-guanidine nitrogen of R357 and N7-ring nitrogen of G+1 (sense strand). How are these key protein-DNA contacts affected upon the introduction of DNA sequence variations, such as those introduced in the GÀ1 and T+1 variants, within the ZRE motif? It should be recalled that the GÀ1 and T+1 variants reduce the binding affinity of DB domain to DNA moderately (3-fold) and substantially (25-fold), respectively.
Our structural model suggests that the introduction of a rather bulkier guanine base at the À1 position (GÀ1) would disrupt van der Waals stacking established between H382 and TÀ1 within the ZRE motif (Fig. 4) . Additionally, being devoid of a Cc2-methyl group, GÀ1 would be unable to participate in van der Waals contact with T385. The loss of such key intermolecular contacts would thus be expected to result in the loss of favorable enthalpic contribution to free energy and thereby compromise the EGR1-DNA interaction as observed here. Equally importantly, the GÀ1 Fig. 3 . Analysis of the binding of DB domain of EGR1 to variant motifs relative to the ZRE consensus motif in terms of relative binding affinity (K r ), relative enthalpic contribution (DDH), relative entropic contribution (TDDS) and relative free energy (DDG) shown respectively in (a), (b), (c) and (d). K r is defined as K r = K v /K c , where K v and K c are, respectively the equilibrium dissociation constants of the variant and consensus motifs to the DB domain ( Table 1 ). The thermodynamic terms are defined as DDH = DH v À DH c , TDDS = TDS v À TDS c and DDG = DG v À DG c , where the subscripts v and c, respectively denote the corresponding values observed for the binding of variant and consensus motifs to the DB domain ( Table 1 ). Note that a positive value of DDH is indicative of favorable enthalpic contribution being smaller than that observed for ZRE motif, while a negative value represents a larger favorable enthalpic contribution. Conversely, a positive value of TDDS is indicative of unfavorable entropic contribution being smaller than that observed for ZRE motif, while a negative value represents a larger unfavorable entropic contribution. substitution would be expected to confer higher rigidity upon DNA by virtue of the ability of G-C base pair to engage in three hydrogen bonds in lieu of two afforded by the T-A base pair in the ZRE motif at the À1 position. Consequently, the loss of DNA flexibility should be expected to not only compromise its ability to attain a closer molecular fit with the protein but also compensate for the loss of enthalpically-favorable protein-DNA contacts through entropic gain. Yet, the thermodynamics associated with the binding of GÀ1 variant to DB domain paint a totally opposing picture against such a priori considerations (Table 1) . Thus, the binding of GÀ1 variant to DB domain is concomitant with favorable enthalpic gain and unfavorable entropic loss of close to À10 kcal/mol relative to ZRE motif. How can one account for such discrepancy between theory and experiment? As noted above, the binding of ZRE motif and GÀ1 variant to DB domain likely results in differential solvation of the corresponding protein-DNA complexes. Thus, the water solvent plays a differential role in mediating the binding of ZRE motif and GÀ1 variant and, in doing so, modulates their binding thermodynamics in a manner that cannot be easily rationalized in terms of the effect of sequence variation on protein-DNA contacts. As discussed later, this is further supported by the observation that the heat capacity change (DC p ) associated with the binding of GÀ1 variant to DB domain is nearly À60 cal/mol/K greater than that observed for the ZRE motif (Table 2) .
On the other hand, the effect of replacement of a rather bulkier guanine (G+1) within the ZRE motif with a much smaller and more hydrophobic thymine at the +1 position (T+1) would be expected to be even more dramatic. Indeed, our structural analysis suggests that unlike the ability of G+1 (sense strand) and CÀ1 (antisense strand) within the ZRE motif to respectively participate in key intermolecular hydrogen bonding contacts with R357 and D381, T+1 within the sense strand and its AÀ1 counterpart within the antisense strand would fail to do so (Fig. 4) . In particular, the hydrophobic Cc2-methyl group of T+1 would be highly destabilizing for subsequent protein-DNA contacts due to its close proximity to the charged guanidine moiety of R357. The rather small size of T+1 compared to a much bulkier G+1 may also result in the formation of cavities and subsequent entrapment of water molecules at the protein-DNA interface. Additionally, the exchange of a G-C base pair with T-A at the +1 position would result in the loss of an intramolecular hydrogen bonding contact and this could also jeopardize the optimal conformation of DNA required to bind to the protein. Given that the binding of T+1 variant to DB domain results in the reduction of affinity by about 25-fold relative to ZRE motif (Table 1) , one would expect the accompanying thermodynamics of binding of T+1 variant to be substantially distinct from those of ZRE motif. Indeed, the binding of T+1 variant to DB domain is enthalpically more favorable accompanied by greater entropic penalty compared to ZRE motif in a manner akin to that observed for the GÀ1 variant, albeit with a much smaller effect on the thermodynamic parameters (Tables 1 and 2 ). This further epitomizes the differential role that the water solvent plays in fine-tuning the thermodynamics of macromolecular interactions.
Taken together, our structural analysis discussed above suggests that the loss of key van der Waals and hydrogen bonding contacts would likely mitigate the binding of DB domain of EGR1 to GÀ1 and T+1 variants in agreement with our thermodynamic data ( Table 1) . More importantly, these variants exert their effect by virtue of their ability to differentially modulate the solvation of protein-DNA complex relative to ZRE motif. While an exhaustive analysis is beyond the scope of this work, the arguments presented above clearly suggest that the reduction of binding affinity due to other nucleotide substitutions likely results from the loss of specific protein-DNA contacts. However, such loss of intermolecular interactions does not necessarily correlate with the loss of enthalpy and gain of entropy but rather the effect of nucleotide substitutions on the underlying thermodynamics can be best accounted for through the differential contribution of water solvent. It is also important to note that the nucleotide substitutions have little or negligible effect on the B-conformation of ZRE motif as probed by far-UV CD analysis (data not shown) and thus conformational changes within DNA due to sequence variations are unlikely to dramatically account for the reduction in binding affinity observed here.
Binding of EGR1 to ZRE motif and its variants thereof is enthalpy-entropy compensated
Enthalpy-entropy compensation is a thermodynamic bottleneck in that it usually eliminates the effect of enthalpic or entropic advantages on macromolecular interactions. In this ubiquitous thermodynamic phenomenon [48] [49] [50] [51] [52] , the gain of favorable enthalpy, for example due to the introduction of a new hydrogen bond donor or acceptor, is largely compensated by unfavorable entropic factors and vice versa such that there is little or no change in the overall free energy of binding. While this may appear to be a negative aspect of engineering high-affinity therapeutic inhibitors, on the contrary, it offers biological systems with natural resilience against structural and/or functional distortions due to environmental stresses. Although the molecular origin of enthalpy-entropy compensation is poorly understood, a number of underlying physical factors have been suggested [53] . These include: (i) solvent reorganization; (ii) conformational restriction of atoms within a given system; (iii) limited temperature range over which experiments are feasible thereby limiting the free energy window; (iv) finite heat capacity of system under study; and (v) multiplicity and cooperativity of intermolecular interactions that directly contribute to the overall free energy as well as those that merely govern binding specificity but with little or no contribution to the free energy. Simply put, enthalpy-entropy compensation arises due to the fact that the introduction of a new bonding interaction (gain of enthalpy) is intrinsically accompanied by an increase in the order of the system (loss of entropy) so as to maintain thermodynamic homeostasis. In order to test the extent to which the binding of ZRE motif and its variants thereof to the DB domain of EGR1 is also subject to enthalpy-entropy compensation, we generated the enthalpyentropy plot (Fig. 5a) . It is notable that the binding of ZRE motif and variants to the DB domain is seemingly enthalpy-entropy compensated in agreement with the observation that these underlying thermodynamic factors play an intricate role in dictating the affinity of EGR1-DNA interaction upon the introduction of DNA sequence variations (Table 1 and Fig. 3 ). Consistent with these observations, we also note that the enthalpic (DH) and entropic (TDS) contributions for the binding of ZRE motif and variants to the DB domain show poor correlation with the overall free energy (DG) (Fig. 5b and c) . For example, an increase in favorable DH or a decrease in unfavorable TDS does not necessarily lead to an increase in DG and vice versa. Given that the binding of proteins to major grooves within the DNA is under enthalpic control [54] [55] [56] [57] [58] [59] [60] , the negative contribution of entropic penalty to the free energy thus appears to be an equally important regulator of such protein-DNA interactions. Collectively, these findings bear important consequences on the rational design of synthetic oligos and/or small molecule inhibitors designed to compete with gene promoters for the binding of EGR1. Thus, for example, efforts to optimize such inhibitors on the basis of their binding affinity and clinical efficacy may prove to be more rewarding and cost-effective than attempts directed at optimizing their underlying enthalpic and entropic contributions.
Differential binding of EGR1 to DNA is highly dependent upon the position of nucleotide substitution Next, we analyzed how the position at which a nucleotide is substituted within the ZRE motif dictates the binding of DB domain of EGR1 in thermodynamic terms (Fig. 6) . It is important to note here that the EGR1-DNA interaction is driven by the binding of each of its three zinc fingers (ZFI-ZFIII) to one of the three subsites, each subsite being comprised of a trinucleotide sequence, within the 9-bp GCGTGGGCG consensus motif (Figs. 1 and 4) . Remarkably, our analysis suggests that certain positions within this motif appear to be more susceptible to the effect of DNA sequence variations, while others are much more tolerant. Thus, for example, the greatest loss in the free energy (DG) of binding consistently correlates with the introduction of DNA sequence variations at the À2, +1 and +2 positions (within the sense strand) and it is more or less mirrored by corresponding changes in underlying enthalpic (DH) and entropic (TDS) factors.
On the other hand, the effect of DNA sequence variations at the À4, À3, À1, 0, +3 and +4 positions (within the sense strand) is relatively less detrimental to EGR1-DNA interaction. Notably, the À2, +1 and +2 positions are all occupied by a guanine within each of the three subsites that accommodates one of the three zinc fingers of DB domain. However, they do not represent structurally-equivalent positions within each respective subsite. Thus, while À2 and +1 positions correspond to the 3 0 -terminal nucleotide within subsites that would accommodate ZFI and ZFII, the +2 position is the 5 0 -terminal nucleotide within the subsite accommodating ZFIII. This implies that the effect of various DNA sequence variations within the ZRE motif on each of the three zinc fingers within the DB domain is non-symmetrical. Most importantly, these findings are consistent with the crystal structure of the DB domain of EGR1 in complex with ZRE motif [4] , wherein guanine bases at the À2, +1 and +2 positions engage in closer intermolecular contacts with the protein in comparison with those at other positions. Taken together, our analysis suggests that the guanine nucleotides at the À2, +1 and +2 positions within the ZRE consensus motif are most critical for the binding of EGR1 and that DNA sequence variations at these positions are likely to be most detrimental.
Effect of solvation on the differential binding of EGR1 to ZRE motif and its variants thereof
In an effort to investigate how nucleotide substitutions affect the change in heat capacity (DC p )-a key thermodynamic parameter that probes the effect of solvation upon protein-DNA complexation-we measured the dependence of enthalpic change (DH) associated with the binding of DB domain of EGR1 to ZRE motif and its variants thereof on temperature (T). Importantly, the temperature-dependence of DH is related to DC p by Kirchhoff's relationship DC p = d(DH)/dT. Accordingly, DC p accompanying the binding of DB domain to ZRE motif and its variants thereof was determined from the corresponding slopes of DH À T plots (Table 2 ). It is telling that a negative value of DC p in the hundreds of cal/mol/K was observed across the board, implying that the binding of DB domain to ZRE motif and its variants thereof predominantly results in the burial of apolar groups over polar surfaces. However, DC p associated with the binding of ZRE motif ranks somewhere in the middle of the spectrum of DC p values observed for other variants, implying that the extent of the burial of apolar surface area poorly correlates with binding affinity. Notably, negative changes in DC p are essentially a consequence of desolvation of protein and DNA surfaces upon binding as well as due to entrapment of waters within cavities at interacting surfaces [61] [62] [63] . The fact that DC p widely varies for different variants is evidence that changes within the promoter DNA sequence result in differential changes in the extent to which water is excluded from interacting surfaces within both the protein and DNA upon complexation.
In order to quantify and compare the relative extent of such desolvation of macromolecular surfaces upon the binding of DB domain to ZRE motif and its variants thereof, we next calculated the corresponding changes in solvent-accessible surface area (SASA) using empirically-derived Eqs. (3) and (4). It is noteworthy that these equations are based on protein stability measurements and therefore only strictly applied to the analysis of protein-protein interactions [37] [38] [39] [40] [41] [42] . Thus, the applicability of Eqs. (3) and (4) to this study is questionable. In particular, while such analysis on protein-DNA interactions has not been hitherto conducted, studies on protein-carbohydrate interactions generate a very different set of parameterization compared to those observed for protein-protein interactions [64] . Nonetheless, we have previously applied the semi-empirical analysis based on Eqs. (3) and (4) to protein-DNA interactions with some success [65, 66] . Notwithstanding the above-mentioned limitations, the binding of DB domain to ZRE motif and its variants thereof is accompanied by the burial of polar (ÀDSASA polar ) and apolar (ÀDSASA apolar ) SASA of between approximately 800-1900 Å 2 and 1200-2100 Å 2 , respectively (Table 2) . However, ÀDSASA apolar is between 20% and 30% greater than ÀDSASA polar in the case of ZRE motif and all of its variants thereof in agreement with the notion that the amount of apolar surface buried is always greater than polar groups. Assuming that the protein experiences little or no structural change upon binding to DNA, ÀDSASA polar and ÀDSASA apolar values calculated from our structural model of DB domain bound to DNA are in the neighborhood of 1500 and 1000 Å 2 , respectively. The fact that the protein is experimentally observed to bury a greater amount of apolar surface over polar groups while the opposite trend is observed in silico strongly suggests that the binding of DNA triggers a substantial conformational change within the DB domain.
Given that the DB domain retains a fully-folded structure in the absence of DNA [31] , the most likely scenario to account for such conformational change lies in the ability of three zinc fingers (ZFI, ZFII and ZFIII) to undergo quaternary structural change upon binding to DNA. Supporting this argument is the fact that the zinc fingers impart upon the DB domain an arc-like conformation optimally suited to attain a close molecular fit with DNA (Fig. 4) . Importantly, the solvent-exposed surface of the unliganded DB domain is bolstered by electrostatic polarization, with the inner face of the arc harboring an overall positive charge, while the outer rim is largely neutral. Thus, while the positively-charged inner face would be required for the ability of DB domain to establish a stable interaction with the negatively charged DNA, the rather highly constrained arc-like architecture will likely undergo some sort of structural rearrangement in the absence of DNA so as to minimize electrostatic repulsions between the three tandem zinc fingers. Accordingly, the DB domain must experience a conformational switching upon binding to DNA in agreement with our SASA calculations based on thermodynamic measurements.
Given that cooperativity in proteins is usually associated with structural rearrangement, we believe that the conformational change observed here may also account for the ability of tandem zinc fingers to drive the binding of DB domain to DNA in a cooperative manner. More importantly, cooperativity in proteins underlies their ability to transfer information from one site to another. In this regard, sequence variations introduced within the ZRE motif would be expected to alter the cooperative binding of variant motifs to DB domain. Indeed, our data presented above show that the extent of burial of apolar and polar surfaces is highly sensitive to the DNA sequence variation (Table 2 ). This implies that the changes observed in the burial of surface area upon the introduction of DNA sequence variations would variably result in the extent to which the DB domain undergoes conformational change upon binding, thereby directly influencing the binding cooperativity.
Conclusions
The ability of EGR1 transcription factor to mediate a wide array of cellular activities ranging from cell growth and proliferation to apoptosis and oncogenic transformation is well-documented [5] [6] [7] [8] . Notably, cellular expression of EGR1 is down-regulated in glioblastoma, lymphoma, and cancers of the lung and breast [67] [68] [69] [70] , implying that EGR1 plays a tumor suppressive role in various cancers. This notion is further corroborated by the observation that tumor suppressors such as PTEN and p53 are direct targets of EGR1 [16, 20, 22] . On the other hand, expression of EGR1 is up-regulated in prostate tumors [71] [72] [73] [74] [75] , implying that the role of EGR1 is tissue-dependent and that its ability to serve both as tumor suppressor and oncoprotein depending on the biological context is an intricate virtue of its functional duality. Importantly, EGR1-responsive genes harbor a rather high degree of DNA sequence variations within their promoters though the physiological and pathological consequences of such single nucleotide polymorphisms are not fully understood [24] [25] [26] [27] [28] [29] [30] . Thus, understanding EGR1-DNA interaction in molecular terms remains an important challenge toward the design of novel therapeutic approaches.
Toward this goal, our work reported here provides the maiden study to quantitatively address the effect of nucleotide substitutions on EGR1-DNA interaction in detailed thermodynamic terms.
In particular, we have demonstrated here that the introduction of single nucleotide variations within the ZRE motif can have dramatic effect on EGR1-DNA interaction and that certain positions are much more susceptible to such genetic changes than others. Our findings underscore the fact that sequence variations within the ZRE motif alter protein-DNA interaction primarily via compromising van der Waals and hydrogen bonding contacts. More importantly, nucleotide substitutions seemingly result in differential solvation of protein-DNA complex and, in particular, the water solvent appears to play a key role in modulating protein-DNA thermodynamics.
In short, our study provides a framework for understanding how DNA sequence variations within the target gene promoters may affect the binding of an important transcription factor central to human health and disease.
